Angiopoietin-like proteins (ANGPTLs) play major roles in the trafficking and metabolism of lipids. Inactivation of ANGPTL3, a gene located in an intron of DOCK7, results in very low levels of LDL-cholesterol (C), HDL-C and triglyceride (TAG). We identified another ANGPTL family member, ANGPTL8, which is located in the corresponding intron of DOCK6. A variant in this family member (rs2278426, R59W) was associated with lower plasma LDL-C and HDL-C levels in three populations. ANGPTL8 is expressed in liver and adipose tissue, and circulates in plasma of humans. Expression of ANGPTL8 was reduced by fasting and increased by refeeding in both mice and humans. To examine the functional relationship between the two ANGPTL family members, we expressed ANGPTL3 at physiological levels alone or together with ANGPTL8 in livers of mice. Plasma TAG level did not change in mice expressing ANGPTL3 alone, whereas coexpression with ANGPTL8 resulted in hypertriglyceridemia, despite a reduction in circulating ANGPTL3. ANGPTL8 coimmunoprecipitated with the N-terminal domain of ANGPTL3 in plasma of these mice. In cultured hepatocytes, ANGPTL8 expression increased the appearance of N-terminal ANGPTL3 in the medium, suggesting ANGPTL8 may activate ANGPTL3. Consistent with this scenario, expression of ANGPTL8 in Angptl3 −/− mice failed to promote hypertriglyceridemia. Thus, ANGPTL8, a paralog of ANGPTL3 that arose through duplication of an ancestral DOCK gene, regulates postprandial TAG and fatty acid metabolism by controlling activation of its progenitor, and perhaps other ANGPTLs. Inhibition of ANGPTL8 provides a new therapeutic strategy for reducing plasma lipoprotein levels.
Angiopoietin-like proteins (ANGPTLs) play major roles in the trafficking and metabolism of lipids. Inactivation of ANGPTL3, a gene located in an intron of DOCK7, results in very low levels of LDL-cholesterol (C), HDL-C and triglyceride (TAG). We identified another ANGPTL family member, ANGPTL8, which is located in the corresponding intron of DOCK6. A variant in this family member (rs2278426, R59W) was associated with lower plasma LDL-C and HDL-C levels in three populations. ANGPTL8 is expressed in liver and adipose tissue, and circulates in plasma of humans. Expression of ANGPTL8 was reduced by fasting and increased by refeeding in both mice and humans. To examine the functional relationship between the two ANGPTL family members, we expressed ANGPTL3 at physiological levels alone or together with ANGPTL8 in livers of mice. Plasma TAG level did not change in mice expressing ANGPTL3 alone, whereas coexpression with ANGPTL8 resulted in hypertriglyceridemia, despite a reduction in circulating ANGPTL3. ANGPTL8 coimmunoprecipitated with the N-terminal domain of ANGPTL3 in plasma of these mice. In cultured hepatocytes, ANGPTL8 expression increased the appearance of N-terminal ANGPTL3 in the medium, suggesting ANGPTL8 may activate ANGPTL3. Consistent with this scenario, expression of ANGPTL8 in Angptl3 −/− mice failed to promote hypertriglyceridemia. Thus, ANGPTL8, a paralog of ANGPTL3 that arose through duplication of an ancestral DOCK gene, regulates postprandial TAG and fatty acid metabolism by controlling activation of its progenitor, and perhaps other ANGPTLs. Inhibition of ANGPTL8 provides a new therapeutic strategy for reducing plasma lipoprotein levels.
T he angiopoietin-like (ANGPTL) genes encode a family of secreted proteins with pleiotropic effects on vascular cells (1), lipid metabolism (2) , and stem cell biology (3) . The family members share a common architecture, comprising an extended N-terminal domain and a C-terminal fibrinogen-like domain. Genetic studies have revealed that two closely related family members, ANGPTL3 and ANGPTL4, play pivotal roles in the trafficking and metabolism of lipids and lipoproteins (4) (5) (6) (7) . Mutations that disrupt ANGPTL3 are associated with greatly reduced plasma levels of triacylglycerol (TAG) and cholesterol in mice (5) and in humans (4) . Mice lacking ANGPTL4 also have markedly reduced levels of plasma TAG and cholesterol (8, 9) , and sequence variations in ANGPTL4 are associated with lower plasma TAG levels in humans (7) .
TAG synthesized in the gut and liver are incorporated into chylomicrons and very low density lipoproteins (VLDL), respectively, and delivered to peripheral tissues where they interact with lipoprotein lipase (LPL). LPL hydrolyzes the TAGs, releasing fatty acids to the adjacent tissues. Other intravascular lipases, including hepatic lipase and endothelial lipase, further remodel lipoprotein particles. Several lines of evidence suggest that ANGPTL3 and ANGPTL4 contribute to the partitioning of TAGs among tissues (2) . During fasting, ANGPTL4 levels increase in adipose tissue (10) where it inhibits LPL, thus preventing fatty acid uptake from circulating lipoproteins (2, 11) . After a meal, expression of ANGPTL4 is markedly reduced, relieving the inhibition of intravascular lipolysis and promoting uptake of dietary lipids into adipose tissue.
The role of ANGPTL3 is less well understood. ANGPTL3 is expressed almost exclusively in the liver (5, 6) , and is only modestly regulated by food intake (12) . Angptl3 −/− mice have increased LPL activity (8, 13, 14) , and recombinant ANGPTL3 inhibits LPL in vitro (6, 13, 15, 16) , leading several investigators to propose that ANGPTL3 raises plasma TAG levels by inhibiting LPL activity (13, 14) . However, the concentrations of ANGPTL3 used in these studies were supraphysiological. Moreover in some (14, 17) , although not all (8) studies, the increase in LPL activity in Angptl3 −/− mice has been modest. ANGPTL3 also inhibits the activity of endothelial lipase (18, 19) , which catalyzes the hydrolysis of phospholipids in circulating lipoproteins. Angptl3 −/− mice have a ∼50% reduction in HDL levels and a ∼50% increase in heparin-releasable phospholipase activity (19) . Thus, ANGPTL3 may raise HDL levels by inhibiting endothelial lipase.
ANGPTL3 is activated by cleavage at a proprotein convertase consensus site ( 221 RAPR 224 ) to release the N-terminal domain (20) . Cleavage is essential for ANGPTL3-mediated inhibition of lipases; disruption of the consensus site markedly reduces the effect of the recombinant protein on plasma TAG levels (20) .
Here we show that ANGPTL3 is activated by ANGPTL8, a paralog of ANGPTL3 that is highly regulated by fasting and refeeding in mice and humans. We provide biochemical evidence that ANGPTL8 binds to ANGPTL3 and promotes the appearance of the cleaved form, and genetic evidence in mice that the two proteins are mechanistically interdependent. We also show that genetic variation in ANGPTL8 is associated with reductions in HDL-C and LDL-C in three populations, thus confirming a role for ANGPTL8 in lipoprotein metabolism in humans.
Results
Degenerate ANGPTL Family Member Evolutionarily Related to ANGPTL3.
A database search for proteins related to the ANGPTL family identified ANGPTL8, formerly known as TD26, hepatocellular carcinoma-associated gene, C19orf80, refeeding-induced fat and liver (21) , and Lipasin (22) . ANGPTL8 shares ∼20% identity with the N-terminal domains of ANGPTL3 and ANGPTL4. The protein terminates at residue 198 and therefore lacks a C-terminal fibrinogen-related domain (Fig. 1A) . Sequencing of polyA RNA from both human and mouse liver revealed only a single species of ANGPTL8 transcript. ANGPTL8 and ANGPTL3 are located in corresponding introns of DOCK6 and DOCK7, respectively (Fig. 1B) , a configuration that was already established in monotremes. Thus, ANGPTL8 presumably arose through duplication of an ancestral DOCK gene that occurred before the mammalian radiation.
The spacing of semi-invariant and uncharged residues in the N-terminal domain of ANGPTL3 and ANGPTL4 is conserved in ANGPTL8. The glutamate at residue 40 of ANGPTL4, which is required for lipase inhibition (23) , is conserved in ANGPTL8 (Fig. 1C) . These data suggested ANGPTL8 may have similar functions to the other two family members.
The distribution of ANGPTL8 mRNA in human tissues was also consistent with a role in lipid metabolism (see Fig. 2A ). Expression was highest in liver and adipose tissue. Immunoblot analysis using polyclonal antibodies raised against full-length recombinant ANGPTL8 revealed a protein of the expected size (22 kDa) in plasma. The protein was recovered in the infranatant after ultracentrifugation of plasma at density >1.21 g/mL (Fig.  2B) . Because some lipoprotein-associated proteins dissociate from lipoproteins at the high salt concentrations used for ultracentrifugation, we also size-fractionated human plasma by fastperformance liquid chromatography. ANGPTL8 eluted between HDL and LDL, well above the size of a monomer, in fractions that contain small amounts of cholesterol (Fig. S1 ). Thus, ANGPTL8 is a secreted protein that circulates as part of a high molecular weight complex. The protein is not tightly bound to lipoproteins in the circulation, but may be weakly associated with a specific subset of lipoproteins with diameters intermediate between LDL and HDL.
Nonsynonymous Sequence Variation in ANGPTL8 Is Associated with
Reduced Plasma Levels of LDL-Cholesterol and HDL-Cholesterol. To determine if ANGPTL8 plays a role in lipoprotein metabolism, we screened public SNP repositories for nonsynonymous variants in ANGPTL8. A nucleotide transition (c.194C > T, rs2278426) was identified that substitutes tryptophan for arginine at residue 59 (Fig. 1C) . In the Dallas Heart Study (DHS), a multiethnic, population-based study of Dallas County (24), the 59W variant was more common among Hispanics [minor allele frequency (MAF) = 26%] and African Americans (MAF = 18%) than among European-Americans (MAF = 5%) ( Table S1 ). The 59W variant was significantly associated with lower plasma levels of LDL-cholesterol (C) and HDL-C in African Americans and Hispanics. Among African Americans, the largest group in the DHS, plasma levels of LDL-C were 15% lower in WW homozygotes than in RR homozygotes. Heterozygotes had intermediate LDL-C levels. The association was not apparent in EuropeanAmericans, presumably because the 59W variant is much less common in this population. The R59W variant was not associated with plasma levels of TAG (P = 0.23) (Fig. S2A) , or with body mass index (BMI), fasting glucose or homeostatic model assessmentinsulin resistance in any ethnic group (Table S1) .
We replicated the association between the 59W variant and plasma HDL-C and LDL-C levels in African American participants in the Atherosclerosis Risk in Communities Study (ARIC), a large, prospective, biracial study of heart disease (25) and in the Dallas Biobank, a convenience sample of 4,500 unrelated African Americans from Dallas County (Fig. S2B) . Among EuropeanAmericans in ARIC, the 59W variant was associated with significantly lower plasma levels of HDL-C (0.006) (Fig. 2C ), but not LDL-C (Table S2 ). The variant was not associated with plasma TAG levels in ARIC or in the Dallas Biobank (Fig. S2,  and Tables S2 and S3 ). In a genome-wide association study that predominantly included individuals of European ancestry (26) , imputed R59W genotypes were associated with both HDL-C (P = 3.87 × 10 −7 ) and LDL-C (P = 0.006) at the nominal significance threshold.
Thus, the phenotype resulting from the R59W substitution in ANGPTL8 (i.e., lower plasma levels of LDL-C and HDL-C without changes in TAG) is similar, but not identical to that of conferred by defective ANGPTL3 (6).
ANGPTL8 Expression in Livers of Mice Causes Hypertriglyceridemia
That Is Exacerbated by Coexpression of ANGPTL3. As a first step toward elucidating the specific role of ANGPTL8, we used recombinant adenoviruses to express human ANGPTL8 in livers of mice. ANGPTL8 protein was readily detectable in liver and plasma of mice infected with the ANGPTL8 adenovirus, but not in mice given empty virus (Fig. S3A) . Expression of ANGPTL8 significantly increased plasma levels of TAG and nonesterified fatty acids (NEFA) (Fig. 3A and Fig. S3 B and C). Similar results were obtained when the 59W allele was expressed at comparable levels ( Fig. S3D) , suggesting that the substitution has modest effects on ANGPTL8 function. In contrast to ANGPTL8, adenovirus-mediated expression of ANGPTL3 at levels comparable to those present in human plasma (∼300 ng/mL) (27) did not elicit an increase in plasma TAG or NEFA (Fig. 3A) . To test for functional interaction between ANGPTL8 and its progenitor, ANGPTL3, we coexpressed the two proteins. Plasma levels of TAG and NEFA were both dramatically increased in the doubly-infected mice (Fig. 3A) without changes in liver enzymes (Fig. S4A ). Expression of ANGPTL8 did not alter the hepatic mRNA levels of the exogenous or endogenous ANGPTL3 (Fig. S4B ). Expression of the transgenes did not alter TAG hydrolase activity in pre-or postheparin plasma (Fig. S4C) . Expression of ANGPTL8 also failed to increase VLDL secretion as determined using Triton-WR1335 (Fig. S4D) .
Coexpression may potentiate the activities of ANGPTL3 and ANGPTL8 by increasing the circulating levels of one or both proteins. To test this hypothesis, we assayed the levels of the two proteins in plasma from adenovirus-treated mice. Expression of ANGPTL3 had little effect on circulating levels of ANGPTL8 (Fig. 3B ). Plasma levels of both human and mouse ANGPTL3 were measured using an ELISA and both were reduced with coexpression of ANGPTL8 (Fig. 3C) . The reduction in human ANGPTL3 was confirmed by immunoprecipitating the protein from mouse plasma (Fig. 3D) . The plasma levels of both fulllength ANGPTL3 and the N-terminal fragment were reduced in the mice coexpressing the two viruses.
To test if ANGPTL8 physically interacts with ANGPTL3, mice were infected with adenoviruses encoding ANGPTL3 and a fusion protein of ANGPTL8 containing a FLAG epitope tag at the C terminus. ANGPTL8 was immunoprecipitated from the plasma using an anti-FLAG antibody, and immunoblot analysis of the precipitated proteins using an anti-N-terminal ANGPTL3 antibody revealed that both the full-length and N-terminal fragment of ANGPTL3 coimmunoprecipitated with ANGPTL8 (Fig. 3E) . Thus, ANGPTL8 interacts with ANGPTL3 in vivo.
ANGPTL8 Requires ANGPTL3 to Promote Hypertriglyceridemia. If ANGPTL8 functionally interacts with ANGPTL3, we would predict that ANGPTL8 would not increase plasma TAG levels when expressed in Angptl3 −/− mice. In three independent experiments, expression of ANGPTL8 increased plasma TAG levels more than twofold in wild-type mice, but did not increase TAG or NEFA levels in Angptl3 −/− mice (Fig. 3F) . In all three experiments, the levels of TAG and VLDL-TAG actually fell in Angptl3 −/− mice receiving the ANGPTL8-expressing virus despite robust expression of ANGPTL8 in these animals ( Fig. 3F and Fig. S5 A and B) . Liver enzyme levels were not increased in these mice (Fig. S5C ).
ANGPTL8 Promotes Cleavage of ANGPTL3 in Cultured Hepatocytes.
The finding that coexpression of ANGPTL8 and ANGPTL3 increased plasma TAG and decreased circulating ANGPTL3 levels was paradoxical, because inactivation of ANGPTL3 in mice causes a marked reduction in plasma TAG levels (5). Ono et al. reported that ANGPTL3 must undergo cleavage to increase plasma TAG levels (20) . Therefore, a possible explanation for the anomalous effects of ANGPTL8 on ANGPTL3 levels and activity is that ANGPTL8 may promote cleavage of ANGPTL3, a process that would simultaneously increase the activity of the peptide and decrease the amount of full-length ANGPTL3.
To test if ANGPTL8 promotes cleavage of ANGPTL3 in cultured cells, we coexpressed the two proteins in HepG2 cells (Fig. 4A) . In medium from cells expressing ANGPTL3 alone, only full-length ANGPTL3 was detected. Coexpression of ANGPTL3 with ANGPTL8 resulted in the appearance of a ∼33-kDa band s u p e r n a t a n t i n f r a n a t a n t corresponding to the N-terminal domain of ANGPTL3. In contrast, coexpression of ANGPTL8 with ANGPTL6 did not increase the appearance of the N-terminal domain of ANGPTL6. Thus, the effect of ANGPTL8 on ANGPTL3 is not a nonspecific effect in these cells.
To determine if cells are required for the generation of the N-terminal fragment, we added recombinant mouse ANGPTL3 to medium of cells infected with adenoviruses expressing either ANGPTL8 or the vector alone (control) (Fig. 4C) . Cleaved ANGPTL3 was present in the medium of the ANGPTL8-expressing cells, whereas no increase in N-terminal ANGPTL3 was detected when the protein was incubated with the same medium in the absence of cells.
These data are consistent with a model in which ANGPTL8 activates ANGPTL3 by binding to the N-terminal domain of the full-length ANGPTL3 protein and promoting its cleavage, perhaps by changing the conformation of ANGPTL3 to make the cleavage site more accessible or by recruiting a cell-associated proteases. After cleavage, ANGPTL8 remains bound to the Nterminal domain of ANGPTL3, and may form part of an active complex that orchestrates trafficking of lipids among tissues. The interaction between ANGPTL8 and ANGPTL3 appears to also promote the egress of ANGPTL3 from the circulation. To elucidate the physiological context in which ANGPTL8 and ANGPTL3 interact, we examined the tissue distribution and regulation of ANGPTL8 mRNA in mice. As this manuscript was being prepared, ANGPTL8 mRNA was reported to be most abundantly expressed in the livers of mice, with lower levels in brown and white adipose tissue (21) . We found a similar distribution of ANGPTL8 mRNA in mice, but in addition found substantial expression of the transcript in the adrenals (Fig. S6) . In all four tissues, ANGPTL8 mRNA levels were markedly reduced by fasting and restored by refeeding (Fig.  5A ). Whereas Ren et al. (21) identified ANGPTL8 as an insulin target gene in adipocytes, ANGPTL8 expression in liver was not increased in mice overexpressing sterol regulatory binding protein (SREBP)-1c, which coordinates the lipogenic response to insulin in the liver (Fig. 5B) (28) . A modest increase in ANGPTL8 expression was seen in mice expressing SREBP-1a and SREBP-2. Moreover, a potent agonist of LXR, which is required for the insulin-induced increase in SREBP-1c (29) , only modestly increased ANGPTL8 mRNA levels (Fig. 5C) . The fasting-refeeding response of ANGPTL8 was preserved, although attenuated, in mice lacking Scap, a protein required for SREBP activation (30, 31) (Fig. 5D) .
Finally, we examined the regulation of ANGPTL8 levels in humans in response to food intake. Circulating levels were very low after a 12-h fast and increased significantly within 3 h of feeding (Fig. 5E) . Thus, the fasting-refeeding response in mice was also seen in humans.
Discussion
The major finding of this study is that a recently identified member of the ANGPTL family, ANGPTL8, plays an important role in lipoprotein metabolism through a functional interaction with ANGPTL3. Our results provide evidence for a close evolutionary relationship, direct physical interaction, and functional interdependence between the two ANGPTLs. ANGPTL8 and ANGPTL3 are located in corresponding introns of two related genes and share significant sequence similarity. The two proteins coimmunoprecipitated from the plasma of mice when coexpressed via recombinant adenoviruses, and neither protein was fully active without the other. ANGPTL3 did not alter plasma levels of TAG when expressed at physiological concentrations in wild-type mice, whereas coexpression of ANGPTL8 with ANGPTL3 markedly increased plasma TAG levels. Conversely, expression of ANGPTL8 increased plasma levels of TAG in wild-type mice but caused a small decrease in plasma TAG in Angptl3 −/− animals. In cultured cells, ANGPTL8 stimulated appearance of the N-terminal fragment of ANGPTL3. Taken together, our data indicate that ANGPTL8 is a degenerate paralog of ANGPTL3 that regulates TAG metabolism in concert with ANGPTL3.
The present study used adenoviral transgenesis to probe the role of ANGPTL8, but we provide two lines of evidence that our data are not an artifact of transgene overexpression. First, the ANGPTL8 adenovirus, which caused substantial hypertriglyceridemia in wild-type mice, did not increase TAG levels in Angptl3 −/− mice. Thus, ANGPTL8 requires ANGPTL3 to raise TAG levels. Second, levels of recombinant ANGPTL3 in mice injected with the ANGPTL3 adenovirus were comparable to those observed in humans. At these levels, the recombinant ANGPTL protein had no detectable effect on plasma TAG in wild-type mice unless exogenous ANGPTL8 was coexpressed. These data provide direct support for the conclusion that ANGPTL8 normally acts to increase plasma TAG levels and that it requires ANGPTL3 to do so. Consistent with this notion, Angptl8 −/− mice generated as part of a library of mice with mutations in membrane and secreted proteins had markedly decreased serum TAG levels compared with their sex-matched wild-type littermates (32) .
The finding that ANGPTL3 expression did not increase plasma TAG levels in wild-type mice indicates that ANGPTL3 is usually present in excess and that ANGPTL8 is rate-limiting for ANGPTL3 action. Our data are most consistent with a model in which ANGPTL8 activates ANGPTL3 by promoting its cleavage, but we cannot exclude alternative explanations. It remains possible that ANGPTL3 activates ANGPTL8, or that neither protein activates the other but instead the two proteins simply form a functional complex. Expression of ANGPTL3 in cultured HepG2 cells increases the level of ANGPTL8 in the medium (Fig. 4A) . It is also possible that ANGPTL8 stabilizes the Nterminal domain of the protein. In preliminary studies we did not find evidence that ANGPTL8 stabilizes ANGPTL3 in cultured cells, but in vivo studies with physiologically relevant concentrations of both proteins will be required to further elucidate the relationship between ANGPTL3 and ANGPTL8. Cell Lysate Medium C Fig. 4 . ANGPTL8 promotes cleavage of ANGPTL3 in cultured hepatocytes. ANGPTL8-FLAG was expressed alone or together with either ANGPTL3 (A) or ANGPTL6 (B) in HepG2 cells as described in Materials and Methods. Immunoblot analysis was performed to detect ANGPTL8, ANGPTL3, and ANGPTL6. (C) Cells are required for cleavage of ANGPTL3. Recombinant mouse ANGPTL3 protein (1 μg/mL) was added to the conditioned medium of HuH7 cells infected with ANGPTL8 or control adenoviruses. ANGPTL3 was also added to the same medium in the absence of cells. Cells were grown for 16 h at 37°C, 5% CO 2. Medium was subjected to immunoblot analysis with anti-ANGPTL8 and anti-mANGPTL3 antibodies as described in Materials and Methods. The asterisk represents a nonspecific band.
The underlying mechanism and physiological significance of the marked reduction in circulating ANGPTL3 in mice expressing ANGPTL8 is unclear. ANGPTL8 may promote intracellular degradation of ANGPTL3 and thus reduce its secretion. Alternatively, ANGPTL8 may recruit ANGPTL3 to the surfaces of cells, sequestering the protein from the circulation. Irrespective of the mechanism by which ANGPTL8 expression reduces ANGPTL3 levels, the net effect of ANGPTL8 expression is a potentiation of the action of ANGPTL3.
The location of ANGPTL3 and ANGPTL8 in the introns of larger genes is common to several ANGPTL family members. In humans, ANGPTL1 and ANGPTL2 are located in introns of RALGPS2 and RALGPS1, respectively, and ANGPTL7 is located in an intron of MTOR. A similar arrangement is apparent in the zebrafish genome. Thus, the dispersal of ANGPTLs and their host genes was already well underway before the divergence of bony fish and amphibians.
Whereas the locations of certain ANGPTLs within larger genes is highly conserved, the functional significance of this arrangement, if any, is not known. DOCK6 and -7, and RALGPS1 and -2 are all guanine nucleotide exchange factors, but their biological roles appear to be unrelated to those of the ANGPTL genes they host. The phenotypes of mice lacking Dock7, generalized hypopigmentation and white-spotting (33), are not seen in Angptl3 −/− mice. Mutations in DOCK6 cause Adams-Oliver syndrome, a rare disorder affecting skin and limb development, without noted changes in plasma lipid levels (34) . Mice lacking Angptl8 were hypotriglyceridemic but no other notable phenotype was observed in a broad phenotypic screen (32) . Thus, ANGPTL3 and ANGPTL8 appear to function independently of DOCK7 and DOCK6. These data suggest that the location of ANGPTLs within the introns of larger genes reflects the shared origin, rather than function of these genes.
The finding that ANGPTL8 fails to increase TAG in Angptl3 −/− mice indicates that ANGPTL8 does not act independently of ANGPTL3 to increase TAG levels. A recent report from Zhang (22) found that increasing concentrations of ANGPTL8 (referred to as lipasin in that report) had modest incremental effects on LPL activity in vitro, so that even very high concentrations (100 nM) of recombinant ANGPTL8 inhibited LPL activity by less than 50%. Whereas Zhang proposed that ANGPTL8 elevated circulating TAG levels by inhibiting LPL, our data are not consistent with this hypothesis; overexpression of ANGPTL8 in the liver of mice caused hypertriglyceridemia without any significant decrease in pre-or postheparin plasma lipolytic activity (Fig. S4C) . Moreover, ANGPTL8 did not increase TAG levels in the Angptl3 −/− mice. These data suggest that ANGPTL8 does not function as a direct inhibitor of LPL but instead acts in concert with ANGPTL3 and perhaps other ANGPTL family members, to modulate TAG metabolism.
Alterations in the activities of ANGPTL8 and ANGPTL3 have similar, but not identical outcomes in mice and humans. Inactivation of either gene in mice results in hypotriglyceridemia (5, 32) , and both genes elevate plasma TAG levels when expressed at high levels. Humans with complete ANGPTL3 deficiency have very low plasma levels of LDL-C, HDL-C, and TAG (4). Thus, the reduction in LDL-C and HDL-C levels associated with the R59W variant in ANGPTL8 resembles features of ANGPTL3 deficiency (4), and is most consistent with the substitution conferring a loss of function. However, the R59W substitution was not associated with low plasma TAG levels (Fig. S2) , which is a cardinal feature of ANGPTL3 deficiency in humans and mice (4, 5) . Moreover, expression of ANGPTL8 lowered TAG levels in Angptl3 −/− mice. These differences indicate that ANGPTL8 has actions that are independent of ANGPTL3.
The finding that ANGPTL8 is expressed in a broader range of tissues than ANGPTL3 is also consistent with ANGPTL3-independent functions. One possibility is that ANGPTL8 interacts with ANGPTL4. Further studies will be required to determine whether ANGPTL8 affects the function of other ANGPTL family members.
Expression of ANGPTL3 and ANGPTL8 in mice altered circulating fatty acid levels in parallel with TAGs. By controlling the activation of ANGPTL3, and possibly regulating other family members, ANGPTL8 may coordinate trafficking of fatty acids following a meal, redirecting them from the liver to peripheral tissues. The resulting effects on plasma lipoprotein levels make ANGPTL8 a potential target for lipid-lowering therapy, and perhaps the treatment of other disorders of fuel homeostasis.
Materials and Methods
Reagents. Rabbit polyclonal antibodies were raised against full-length human ANGPTL8 and the N-terminal domain of human ANGPTL3 (amino acids 13-200) and ANGPTL6 expressed as histidine-tagged proteins in bacteria. Monoclonal anti-FLAG M2 antibodies were purchased from Sigma, rabbit polyclonal anti-calnexin antibodies from Enzo Life Science, and goat polyclonal anti-ApoE antibodies from Calbiochem. A rabbit polyclonal antibody to N-terminal mouse ANGPTL3 was purchased from Santa Cruz. Anti-mouse, anti-rabbit, and anti-goat IgG HRP-linked secondary antibodies (1:10,000) were from Amersham Biosciences. Mouse ANGPTL3 was expressed as a fusion protein with a polyhistidine (n = 6) at the C terminus in Chinese Hamster Ovarian cells. The protein was purified using nickel affinity chromatography and was estimated to be >90% pure by Coomassie staining.
Study Populations. Association studies were performed in the DHS (24), the ARIC study (25) , and the Dallas Biobank, a convenience sample of Dallas County residents (SI Materials and Methods). The study protocols were approved by the Institutional Review Board of the University of Texas Southwestern Medical Center, and all subjects provided written informed consent. Genotyping. The R59W variant was assayed in the DHS using oligonucleotide hybridization as previously described (35) and by real-time PCR in the DHS and the Dallas Biobank, and by using the Sequenom MassArray system in the ARIC cohort.
Mice. The Angptl3 −/− mice were developed by ablating Angptl3 in embryonic stem cells using the Velocigene method (36) (Velocigene ID: VG1425). A bacterial artificial chromosome containing the Angptl3 gene was used to replace the coding region with the β-galactosidase (β-gal) reporter gene followed by a hygromysin cassette. F1 heterozygous mice were bred together to generate F2 wild-type and knockout mice, which were used for the experiments. All research protocols involving mice were reviewed and approved by the Institutional Animal Care and Use Committee (University of Texas Southwestern Medical Center). C57BL/6J male mice between 10-12 wk of age (Jackson Laboratory) were housed in a room maintained in a controlled environment (12-h light/12-h dark daily cycle, 23 ± 1°C, 60-70% humidity), and fed ad libitum with standard chow diet (Harlan Teklad).
In fasting-refeeding experiments, the high-carbohydrate diet was from MP Biomedicals.
Real-Time PCR Assay of mRNA Levels. The expression of mRNAs in mouse tissues was determined by quantitative real-time PCR (6) using 36B4 as an internal control as described in SI Materials and Methods. The distribution of ANGPTL8 in human tissues was assayed using cDNAs prepared from 17 human tissues (Human Total RNA Master Panel II; Clontech Laboratories). Total RNA was isolated from mouse tissues using STAT-60 reagent (TEL-TEST).
ELISA Assays. Human and mouse ANGPTL3 levels were assayed using commercial ELISA kits as described in SI Materials and Methods.
Adenoviral Infection of Mice. Recombinant adenoviruses expressing human ANGPTL8-FLAG, and wild-type ANGPTL3 were generated using a commercial system (AdEasy Vector System; Qbiogene) as described in the SI Materials and Methods. A total of 1.25 × 10 11 viral particles were injected into the tail vein of each mouse and the mice were killed 3 d later after a 4-h fast. In each experiment, mice were injected with the same amount of virus (vector alone virus plus recombinant viruses in mice receiving only ANGPTL3 or only ANGPTL8).
Measurement of Lipids and Lipolytic Activity. Blood was collected in EDTA tubes and plasma was separated by centrifugation. Plasma levels of liver enzymes, lipids, and lipoproteins were measured as described in SI Materials and Methods. Lipolytic activity of mouse plasma obtained before and 15 min after injection of heparin (30 U per mouse) was determined as described in SI Materials and Methods.
Statistical Analysis. The relationship between rs2278426 genotype and clinical variables was assessed using linear regression models as described in SI Materials and Methods.
Cell Culture. Cultured hepatocytes (HepG2 and HuH7) were grown in sixwell dishes and infected with adenoviruses as described in SI Materials and Methods.
Immunoblot and Immunoprecipitation Analysis. Immunoblot analysis of ANGPTL3, ANGPTL6, and ANGPTL8 was performed as described in SI Materials and Methods. ANGPTL8-FLAG and ANGPTL3 were immunoprecipitated as described in SI Materials and Methods.
